Presence of unmetabolized folic acid in plasma, which is indicative of folic acid intake beyond the metabolic capacity of the body, is associated with reduced natural killer (NK) cell cytotoxicity in post-menopausal women ≥ 50 years. NK cells are cytotoxic lymphocytes that are part of the innate immune system critical for surveillance and defense against virus-infected and cancer cells. We determined if a high folic acid diet can result in reduced NK cell cytotoxicity in an aged mouse model. Female C57BL/6 mice (16-month-old) were fed an AIN-93M diet with the recommended daily allowance (1x RDA, control) or 20x RDA (high) folic acid for 3 months.
Introduction
Recent human and animal studies have shown that intake of excess folic acid has been linked to a variety of negative health outcomes, including increased risk for cancer, insulin resistance, allergies, behavior modification and birth defects [1] [2] [3] [4] . Folic acid, the synthetic form of the vitamin folate (B9) is used in supplements and fortified cereal products due to its stability when compared to other forms of folate. The recommended daily allowance (RDA) for folate is 400 µg dietary folate equivalents, which is equal to 400 µg natural folate or 240 µg folic acid [5, 6] .
Approximately 35% of the US population consumes folic acid containing dietary supplements and 5% exceed the tolerable upper intake level of 1000 µg/d for folic acid [7] . Many B-vitamin supplementation trials focusing on age-related chronic illnesses use doses of folic acid at 5000 µg/d or higher [8] [9] [10] [11] which is approximately 20 fold the RDA or more. Women who are at risk for neural tube defect pregnancies are recommended to take 4000-5000 µg folic acid/d [12] [13] [14] .
Folic acid must be reduced by dihydrofolate reductase (DHFR) to tetrahydrofolate before it can enter the metabolic pathway. In humans, DHFR is a slow enzyme with poor affinity for folic acid [15] . In addition, genetic variations in DHFR also influence the ability of an individual to metabolize folic acid [16] . We have previously shown that the presence of unmetabolized folic acid in plasma, indicative of folic acid intake beyond the metabolic capacity of the body, is associated with reduced natural killer (NK) cell cytotoxicity in postmenopausal women aged 50-75 years [17] . NK cells are cytotoxic lymphocytes that are part of the innate immune system and are important for surveillance and defense against virus-infected and cancer cells. They bind to target cells and perforate the cell membrane by secreting pore-forming protein perforin and trigger apoptosis by secreting granzymes [18] . Low NK cytotoxicity is associated with increased risk for cancer in humans [19] . Hence it is important to determine if there is a causal relationship between high folic acid intake and NK cytotoxicity. 
Materials and Methods

Animals and diets.
All animal procedures were approved by the Institutional Animal Care and Use Committee of the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University and conducted according to the Guide for the Care and Use of Laboratory Animals (1996) . Sixteenmonth-old female C57BL/6 mice were purchased from National Institute of Aging colonies at Charles River Breeding Laboratories (Wilmington, MA). We sought to determine the effect of high folic acid intake on immune function in an aged mouse model since the initial observation was reported in a study of women 50 years and older [17] . The mice were housed on a 12 hour light/dark cycle and provided free access to the diets throughout the experiment. Twelve mice per diet group were maintained on an AIN-93M [20] based diet (Harlan-Teklad, Madison, WI) with the American Institute of Nutrition recommended daily allowance of 2 mg/kg diet folic acid (control diet, 1x RDA) or 40 mg/kg diet folic acid (high folic acid diet, 20x RDA) for 3 months.
The dosage of folic acid in the high folic acid diet was determined based on a previous study that investigated the effect of high folic acid diet in mice [21] . In addition, equivalent dosage of folic acid is used in many intervention trials of age-related chronic illnesses [8, 9] .
Spleen cell isolation.
Mice were euthanized by CO 2 asphyxiation followed by exsanguination through cardiac puncture, and blood was used for plasma isolation. Spleen was removed aseptically and singlecell suspensions were prepared as previously described [22] . Spleens were placed in sterile RPMI 1640 medium (Lonza, MA) which was supplemented with 5% heat inactivated fetal bovine serum, 25 mmol/L HEPES, 2 mmol/L glutamine, 100 kU/L penicillin, and 100 mg/L streptomycin (Life Technologies, CA) and disrupted between two sterile frosted glass slides. The cells were collected by centrifugation at 300G for 10 min and resuspended in red blood cell lysis buffer (Sigma, MO) to lyse red blood cells. After washing with phosphate buffered saline and removing cell debris by filtering through 40 μM nylon cell strainer (BD Pharmingen), 5 splenocytes were counted using an Accuri C6 flow cytometer (BD Accuri Cytometers, MI) and resuspended in appropriate media for the assays.
Preparation of target cells.
YAC-1 cells, a murine T-lymphoma cell line sensitive to NK cell killing, were grown in complete RPMI 1640 medium prepared as above and maintained at 37°C in 5% CO 2 . For the 5 days before the assay, cells were subcultured every 24 h to ensure that they were in the log phase. The cells used for the assay were stained with 10 nM of carboxyfluorescein succinimidyl ester (CFSE, eBioscience, CA) for 10 minutes at room temperature in the dark, washed twice in phosphate buffered saline with 2% heat-inactivated fetal bovine serum and resuspended to a final concentration of 10 6 cells/mL in RPMI 1640 medium.
NK cytotoxicity assay.
The flow cytometric assay described by McGinnes et al [23] was used with modifications as described by Cao et al. [24] . All reagents were purchased from eBioscience. Splenocytes Stained splenocytes were then incubated with CFSE-labelled YAC-1 cells (target cells) at effector-to-target (E:T) cell ratios of 100:1, 50:1, 25:1, and 12.5:1 for 3 h at 37C with 5% CO 2 .
After the incubation was complete, 7-amino-actinomycin D (7-AAD) was added to each tube to a final concentration of 1.11 μg/mL. Dead YAC-1 cells, which were identified as 7-AAD and CFSE double positive cells, were counted using an Accuri C6 flow cytometer and acquired data were analyzed with FlowJo 7.6 software (Treestar Inc., OR). CFSE stained YAC-1 cells incubated in the absence of splenocytes were used to determine spontaneously dead target cells. Natural killer cell subsets were identified as previously described [25] using the following fluorochrome conjugated antibodies: APC-anti-CD3, PE-anti-NK1.1, FITC-anti-CD27 and PerCP-Cy5.5-anti-CD11b. All staining reactions included isotype controls to detect non-specific background signals. The antibodies and the respective isotype controls were purchased from eBioscience. The stained cells were analyzed using an Accuri C6 flow cytometer and the data were analyzed with FlowJo 7.6. Since a small portion of spleen was removed for folate analysis and the remaining spleen was immediately aseptically transferred to cell culture medium without weighing, the absolute numbers of the various cell types in spleen were not determined.
Populations of various cell types were instead determined as percentage of total splenocytes.
Cytokine production.
Splenocytes in complete RPMI 1640 medium were stimulated in separate reactions with bacterial lipopolysaccharide (LPS, 1μg/mL) for 24 h, concanavalin A (Con A) (1.5µg/mL), or anti-CD28 antibody (1 µg/mL) and anti-CD3 antibody (5µg/mL) coated on cell culture plates for 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 stimulated cells, and the concentration of IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-17A, and TNF-α in the supernatants of Con A or anti-CD3and anti-CD28 stimulated cells were determined using the mouse cytometric bead array kit according to the manufacturer's instructions (CBA; BD Biosciences, CA). The fluorescence signals associated with cytokine-bead complex were acquired using Accuri C6 flow cytometer, and data were analyzed using FCAP Array™ Software 3.0.1 (CBA; BD Biosciences).
Stimulation of NK cytotoxicity by IL-10.
Splenocytes (6x10 6 /well) were incubated with recombinant mouse IL-10 (eBioscience) at a final concentration of 15 ng/mL for 15 hours before measuring NK cytotoxicity as described above for the E:T ratios 25:1 and 12.5:1.
Folate analysis.
Total folate from spleen was determined using a microbial assay with Lactobacillus casei [26] . Protein concentration of the spleen extract used for folate assay was determined by
Bradford method [27] using Bio-Rad protein assay reagent (Bio-Rad, CA). Folate forms in nonfasting plasma samples were analyzed by HPLC-affinity chromatography with electrochemical detection [28] .
Statistical analyses.
Results are expressed as means ± SEM. One way ANOVA was used for the effect of diet on NK cell cytotoxicity adjusted for day of experiment. Student's t-test was used for all other continuous outcomes. Significance was determined at P<0.05. Statistical analysis was performed using SAS 9.3 (NC).
Results
Effect of high folic acid diet on tissue and plasma folate content.
8 Animals on both control and high folic acid diets gained weight during the 3 months on experimental diets, but there was no difference between the two diet groups in weight gain (data not shown). Analysis of non-fasting plasma showed that mice on high folic acid diet had significantly higher concentration of unmetabolized folic acid, methyl tetrahydrofolate and formylated tetrahydrofolate when compared to mice on the control diet (Fig. 1A) . Since the NK cell cytotoxicity was determined using splenocytes, we also determined the folate concentration of spleen. Mice fed a high folic acid diet had a higher concentration of total folate in spleen when compared to those on the control diet (18.21 ± 0.76 vs 12.38 ± 0.96 ng folate /mg protein, P<0.01, Fig. 1B ).
Effect of high folic acid diet on NK cell cytotoxicity.
The mean NK cell cytotoxicity of mice fed a high folic acid diet was significantly lower than that of the mice fed the control diet at effector to target cell ratios of 25:1 (P=0.03) and 12.5:1 (P=0.04) by 14% and 23% respectively (Fig. 2) . We determined if the difference in NK cell cytotoxicity of the mice on the two diets was due to differences in the percentage of NK cells.
Since the NK cell cytotoxicity assay measures the activity of both NK and NKT cells, we also measured the percentage of NKT cells in the spleen. While the percentage of NK cells in the spleen was lower in the high folic acid group compared to the control group, the difference was not statistically significant (P=0.15) (Fig. 3) . The percentage of NKT cells in spleen was similar in both diet groups (Fig. 3) . The percentages of T helper cells and cytotoxic T-cells in total spleen cells were also similar in both diet groups ( Supplementary Fig. 1 ).
Effect of high folic acid diet on NK cell subsets
We determined the population of NK subsets in both diet groups based on the presence of the surface markers CD11b and CD27 [29] . (Fig. 4A) . The percentage of DN and R3 NK cells was similar in both diet groups (Fig. 4A) . The ratio of R2 to R1 NK cells (P =0.03), but not that of R3 to R1 was significantly lower in the high folic acid fed mice when compared to those on the control diet (Fig. 4B) .
Effect of high folic acid diet on cytokine production by splenocytes
Since the percentage of NK cells and activation are dependent on cytokines we determined the production of cytokines (IL-10, IFN-, IL-6, TNF-) and chemokine (MCP-1) by splenocytes after LPS stimulation. LPS stimulated a wide array of cell types in the splenocytes.
The production of IL-10 by splenocytes from the animals in the high folic acid group were lower than that of the control group (P<0.05) (Fig. 5) . The production of other cytokines was not different between the two diet groups. To determine if the low IL-10 production contributes to the reduced NK cell cytotoxicity in the high folic acid fed mice we stimulated the splenocytes with recombinant IL-10 prior to the NK cell cytotoxicity assay. After stimulation with IL-10, the NK cell cytotoxicity of the high folic acid group was similar to that of the control group (Fig. 6 ).
When only the T cells among the splenocytes were specifically activated with Con A or antibodies against CD3 and CD28, there was no difference in the production of cytokines IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-17A, and TNF-α between the 2 diet groups (Supplementary Fig. 2A and 2B).
Discussion
In this study, we established a causal effect of high folic acid intake on lower NK cell cytotoxicity in mice. Intake of a high folic acid diet resulted in up to 23% lower NK cell cytotoxicity in splenocytes of aged mice when compared to consumption of recommended dose 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 of folic acid (P <0.04) (Fig. 2) . This supports our earlier finding that folic acid intake in excess of the metabolic capacity of the body, as indicated by unmetabolized folic acid in plasma, is associated with lower NK cell cytotoxicity in postmenopausal women [17] . In aged mice, a high folic acid diet increased the concentration of total folate in spleen tissue, as well as the concentrations of unmetabolized folic acid, methyl tetrahydrofolate and formyl tetrahydrofolate in plasma when compared to control diet (Fig. 1) . We measured the plasma folate concentrations under non-fasting rather than fasting conditions to determine the extent to which the mice are exposed to the various folate forms after consuming the experimental diet. The concentrations of unmetabolized folic acid in mice fed a high folic acid diet were comparable to what was observed in post-prandial serum of human subjects after consumption of 1000 µg of folic acid from bread over a period of 6 hours in 200 µg doses [32] .
We further explored the possible mechanisms underlying the effect of high folic acid diet on NK cytotoxicity. Several factors determine the cytotoxic activity of NK cells including the percentage of NK cells, the ratio of mature to naïve NK cells and regulatory cytokines. We found no significant difference in the percentage of NK cells between diet groups, but we noted a significant reduction in the ratio of mature cytotoxic to naïve NK cells in mice fed a high folic acid diet compared to the control diet (P<0.03) (Fig. 3) . Thus, the reduced NK cytotoxicity in mice fed the high folic acid diet could be due to impaired maturation of NK cells. The sequence of maturation of NK cells in mice is as follows: DN>R1>R2>R3 [31] . DN cells have a very immature phenotype with no effector function. The difference between the diets were observed in R1 and R2 but not R3 cells, probably because R3 is the end-stage of NK cell maturation, and the experimental duration was too short to observe a difference in R3 cells. NK cytotoxicity is governed by various cytokines, and in addition, NK cells themselves produce cytokines to regulate inflammation and infection [33] [34] [35] . The lower IL-10 production by the mice fed the high folic acid diet may also be involved in their lower NK cytotoxicity (Fig.   5 ). IL-10 is a pleiotropic cytokine which has immunosuppressive functions but at the same time 11 increases cytotoxicity of NK cells [36, 37] . A role for IL-10 in the lower NK cytotoxicity of the high folic acid fed mice is suggested by the fact that, the difference in NK cell cytotoxicity between the dietary groups was abolished when the splenocytes were stimulated by exogenous IL-10 prior to the NK cell assay (Fig. 6) .
The mechanism by which a high folic acid diet affects the maturation of NK cells or IL-10 production is not known at present. Based on published research, we speculate that excess folic acid could regulate IL-10 expression via epigenetic mechanisms. IL-10 expression is epigenetically regulated by DNA and histone modifications and hypermethylation of the IL-10 promoter region reduces its expression [38] . In a placebo-controlled folic acid supplementation trial with a dose of 1000 µg/day, higher red cell folate concentration was associated with hypermethylation of promoters in normal colonic mucosa (35) . Based on these evidence, it is possible that a high folic acid diet can potentially influence IL-10 production via its effect on DNA methylation. Further studies have to be conducted to determine if the high folic acid results in hypermethylation of IL-10 promoter region.
Adequate folate nutrition is important for NK cell cytotoxicity and immune response [43, 44] . But high folic acid intake, mostly from consumption of supplements and heavily fortified foods can have negative outcomes. In recent years, many studies have reported association of high concentration of folate in plasma and multivitamin use with increased risk for breast cancer in women [45] [46] [47] . A study in rats using varying folic acid content in diets under vitamin B 12 deficient conditions did not show any effect of supplemental folic acid on NK cytotoxicity [48] possibly due to the short (1 month) duration of the experimental diet and the confounding effect of vitamin B 12 deficiency. Our study has provided the first evidence for linking excessive folic acid intake to impaired NK cell function. This observation is of major public health concern since the function of NK cells is immune surveillance against cancerous and pathogen infected cells. Low NK cytotoxicity has been associated with increased risk for cancer in a human study that followed-up the subjects for 11 years [19] . In this study, the NK cell cytotoxicity of the 12 subjects were categorized as low, <42%; medium, 43-58%; and high, >58% for men; and low, <34%; medium, 35-51%; and high, >51% for women, and their risk for development of cancer determined. Men and women in the low NK cell cytotoxicity group were at higher risk for development of cancer when compared to those in the medium or high groups [19] . Hence, reduction of NK cell cytotoxicity due to high folic acid intake may increase the susceptibility to cancer and viral infections especially in the elderly who are already at increased risk for these diseases.
In summary, our data show that high folic acid intake reduces NK cell cytotoxicity in old mice and this is possibly due to impairment of NK cell maturation. Our data also suggest a role for IL-10 in the observed reduction of NK cell cytotoxicity. Additional studies are needed to further determine the mechanism behind the effect of excess folic acid intake on NK cell cytotoxicity and establish its relevance to health outcomes in humans. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
